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Edited by Lukas HuberAbstract Human epidermis marks the interface between inter-
nal and external environments with the major task being to main-
tain body hydration. Alternating exposure of skin to a dry or
humid environment is likely to cause changes in the epidermal
water gradient resulting in osmotic alterations of epidermal
keratinocytes. The present in vitro approach studied the eﬀect
of hypotonicity on cell–cell contact. It was demonstrated that
hypotonic stress applied to human epithelial cells (HaCaT, A-
431) induced upregulation of E-cadherin at both, the protein
and mRNA level. 5 0-deletional mutants of the E-cadherin pro-
moter identiﬁed an element ranging from 53 to +31 that con-
veyed strong transactivation under hypotonic stress. In order to
deﬁne relevant upstream regulators members of the MAP kinase
family, the epidermal growth factor receptor (EGFR) and pro-
tein kinase B/Akt (PKB/Akt) were investigated. Hypotonic con-
ditions led to a fast activation of ERK1/2, SAPK/JNK, p38,
EGFR and PKB/Akt with distinct activation patterns. Experi-
ments using speciﬁc inhibitors showed that p38 contributes to
the E-cadherin transactivation under hypotonic conditions. Fur-
ther upstream, adhesion was found to be a prerequisite for E-cad-
herin transactivation in this model. In summary, the present
study provides evidence that E-cadherin is an osmo-sensitive gene
that responds to hypotonic stress. The function of this regulation
may be found in morphological changes induced by cell swelling.
It is likely that induction of E-cadherin contributes to the stabil-
ization between adjacent cells in order to withstand the physical
forces induced by hypotonicity.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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doi:10.1016/j.febslet.2004.11.077function. Both hyper- and hypotonic conditions alter the cellu-
lar hydration state eﬀecting protein function and cell morphol-
ogy. The kidney medulla is the prototypical tissue of higher
eukaryotes which is routinely exposed to osmotic stress caused
by antidiuresis and diuresis (reviews: [2,3]). Furthermore, in
bronchial tissue, the presence of osmotic stress is discussed
as a mediator of exercise-induced asthma. In this model, the
rapid trans-epithelial water loss under exercise leads to hyper-
tonicity of the airway surface liquid causing bronchio-constric-
tion and inﬂammation (review: [1,16,24]). Similarly in
hepatoma cells, nutrient intake and hormonal stimulation
can modulate the cellular tonicity [43]. Chronic alterations in
osmotic homeostasis are present in clinical settings such as sep-
sis, burn injury and diabetes mellitus associated with insulin
resistance and protein wasting (review: [34]).
As mentioned above, in order to counteract anisosmotic
conditions, human skin has evolved mechanisms to preserve
the body hydration state. In particular, the multilayered epi-
dermis forms a physical barrier that hampers the free passage
of ﬂuids. This is mainly achieved by intercellular lamellae of
extruded lipids, forming the mortar in a bricks and mortar
model [26]. Additionally, natural moisturizing factors, which
are mainly hygroscopic osmolytes, contribute to hydration of
the stratum corneum (review: [31]). The presence of specialized
water/solute channels such as aquaporin-3 in epidermal cells
indicate that epidermal hydration is tightly controlled
[15,25]. This assumption is supported by ﬁndings that show a
dysbalance of epidermal hydration in common dermatosis,
such as atopic dermatitis [41], eczema [38], and psoriasis [36].
The seasonal aggravation of some skin diseases indicates a link
to environmental conditions such as variations in air humidity
[11,12,39]. Therefore, skin diseases that are triggered by
drought, such as atopic dermatitis, are supportively treated
with moisturizing ointments. At the cellular level, osmotic
stress has direct eﬀects on cell morphology and is therefore
considered as a special form of mechanical stress. In the initial
phase of osmotic stress, the cell volume follows the osmotic
gradient. In a second step, the cell volume becomes actively
regulated by processes known as regulatory volume decrease
(RVD) or increase (RVI), respectively, depending on the qual-
ity of the osmotic stress. In the present study, the eﬀect of
hypotonicity on human keratinocytes was investigated.
Although, intact epidermal barrier protects deeper cell layers
from environmental hypotonicity, the conditions change
whenever the epidermal barrier is compromised. Clinically, it
is well known that exposure to freshwater can aggravateblished by Elsevier B.V. All rights reserved.
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matitis. Due to lack of an intact epidermal barrier, hypotonic
stress can act directly on living cells and induce a rapid cell
swelling due to cellular water uptake. It is suggested that these
changes in membrane tension are sensed by cells and trans-
formed into biological signals. Particularly, transmembrane
proteins such as integrins and ion channels are suspected to
work as mechano-receptors [7,19,37,40].
The present in vitro study is driven by the hypothesis that an
increase in membrane tension by hypotonic stress induces
counteracting mechanisms in order to provide tissue integrity.
In particular, transmembrane glycoproteins of the cadherin
family contribute to the tight connection between adjacent
cells and are therefore suspected to be regulated by mechanical
stimulation. Consistent with this concept, we identiﬁed E-cad-
herin as a gene regulated by hypotonicity. Furthermore, func-
tional experiments investigated the activation of signal
transduction pathways in response to hypotonic stress with re-
spect to the upregulation of E-cadherin.2. Materials and methods
2.1. Cell culture and cell treatment
Spontaneously immortalized human keratinocyte cell line (HaCaT)
(a generous gift from Prof. Fusenig, German Cancer Research Insti-
tute, Heidelberg, Germany) was cultured in carbonate buﬀered Hanks
medium with 5% fetal calf serum and 1% penicillin–streptomycin solu-
tion (Biochrom KG) at 37 C in a 5% CO2 atmosphere. The epider-
moid carcinoma cell line A-431 (American Type Culture Collection)
was cultured in Dulbeccos modiﬁed Eagles medium containing 10%
FCS. Hypotonicity was applied by using sodium chloride-free Hanks
medium (custom-made batch by Invitrogen) supplemented with NaCl
to the indicated osmolarities. The following kinase inhibitors were
used: MAP kinase/ERK kinase (MEK1) inhibitor PD98059 (1, 10,
50 lM; 1 h), p38 inhibitor SB203580 (5, 10, 20 lM; 1 h) (Calbiochem),
cell-permeable JNK inhibitor peptide (as negative control served the
HIV-TAT48-57 peptide) (1, 10, 20 lM; 1 h) (Calbiochem), EGF recep-
tor tyrosine kinase inhibitor AG 1478 (50, 100, 500 nM; 1 h) (Calbio-
chem), and PI3K inhibitor wortmannin (100, 200, 400 nM; 1 h)
(Calbiochem). In order to antagonize integrin function, cells were incu-
bated with the inhibitory hexapeptide GRGDSP or the inactive control
peptide GRGESP (500 lM, 4 h) (Bachem, Heidelberg, Germany). Cell
adhesion was abolished by seeding the cells in suspension culture plates
(Greiner, Frickenhausen, Germany) composed of pure sterilized polys-
terol without further modiﬁcations.2.2. Immunoblotting
The following antibodies were used: phospho-speciﬁc antibodies
raised against protein kinase B/Akt (PKB/Akt) (Ser473 and Thr308)
and an antibody against total PKB/Akt. Furthermore, antibodies
raised against phospho-p38 (Thr180/Thy182), and the activated form
of the epidermal growth factor receptor (EGFR) (Transduction Labo-
ratories) were used. Antibody against total EGFR was purchased from
Transduction Laboratories. In addition to the extracellular signal-reg-
ulated kinase 1/2 (ERK1/2) activity assay (see below), phosphorylation
of ERK1/2 was tested using a phospho-speciﬁc ERK1/2 antibody
(Thr183/Tyr185) (Cell Signaling). Antibody against total ERK1/2
was also purchased from Cell Signaling. E-Cadherin expression was
determined using an antibody from Transduction Laboratories. For
detection of Akt, p38 and ERK1/2, cells were lysed in 100 ll SDS sam-
ple buﬀer (62.5 mM Tris–HCl [pH 6.8], 2% SDS, 10% glycerol, 50 mM
DTT, 0.1% bromophenol blue) sonicated and boiled for 5 min and sep-
arated on SDS–polyacrylamide gels. For detection of E-cadherin and
EGFR cells were scraped into lysis buﬀer (20 mM Tris [pH 7.4], 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM b-glycerolphosphate, 1 mM Na3VO4, 1 lg/ml
leupeptin, 1 mM PMSF), sonicated and centrifuged. Protein concen-
tration of the supernatant was determined (Biorad DC Protein AssayKit, Munich, Germany) and standardized using bovine serum albu-
min. 20 lg protein was mixed with SDS sample buﬀer and run on
SDS–polyacrylamide gels. Consecutively, proteins were immunoblot-
ted to a PVDF membrane. The membrane was blocked in blocking
buﬀer (TBS [pH 7.6], 0.1% Tween-20 and 5% non-fat dried milk) for
at least 3 h at 4 C followed by incubation with the primary antibody
in TBS (pH 7.6), 0.05% Tween-20, and 5% BSA. The bound primary
antibodies were detected by using anti-mouse IgG-horseradish perox-
idase conjugate and visualized by the ECL detection system (Amer-
sham, Freiburg, Germany).
2.3. Kinase activity assay of ERK1/2 and SAPK/JNK
The activity of ERK1/2 and SAPK/JNK was detected as described
previously [10,19,20]. Brieﬂy, after cell lysis, sonication and centrifuga-
tion, equal amounts of protein (200 lg) were immunoprecipitated
using either a dual phospho-ERKmonoclonal antibody or c-jun fusion
proteins (Cell Signaling). Kinase reaction (30 C, 30 min) was per-
formed in the presence of substrate proteins (elk-1 and c-jun) and
100 lM non-radioactive ATP. The kinase reaction was stopped by
the addition of SDS sample buﬀer. After protein gel electrophoresis
and blotting, the membranes were incubated with anti-phospho-elk1
and anti-phospho-c-jun antibodies, respectively. Signals become visu-
alized by chemoluminescence using horseradish-peroxidase-coupled
secondary antibodies.
2.4. RT-competitive multiplex PCR
Internal standards (IST) for RT-competitive multiplex PCR were
generated according to Celi et al. [6]. The regulation of transcript levels
using glyceraldehyde-3-phosphate (GAPDH) as reference was per-
formed as described previously [21,23]. Brieﬂy, after hypotonic stress
for 8 h total RNA was extracted using Trizol reagent (Invitrogen, Kar-
lsruhe, Germany). 3 lg of total RNA was reverse transcribed by using
Superscript reverse transcriptase (RT) (Invitrogen) according to the
manufacturers instructions. The following primer sequences were
used: GAPDH (M33197), GAPDH-A: 5 0-ATC TTC CAG GAG
CGA GAT CC-30; GAPDH-B: 5 0-ACC ACT GAC ACG TTG
GCA GT-3 0; GAPDH-IST: 5 0- ACC ACT GAC ACG TTG GCA
GTA GTA GAG GCA GGG ATG ATG T -3 0. Primer combination
GAPDH-A/B gives rise to a 502-bp wild-type product, whereas the
combination GAPDH-A/IST generated an IST of 427 bp. For ampli-
ﬁcation of E-cadherin (NM_004360), the following primer were used:
E-Cad-A: 5 0-TCC AAC GGG AAT GCA GTT GA-3 0, E-Cad-B: 5 0-
ACC ACA CTG ATG ACT CCT GT-3 0, E-Cad-IST: 5 0-ACC ACA
CTG ATG ACT CCT GTG TAG GTG TTC ACA TCA TCG T-30.
Primer combination E-Cad-A/B gives rise to a 277-bp wild-type prod-
uct, whereas the combination E-Cad-A/IST generated an IST of 199
bp. Products derived from primer combination A/IST were cloned into
the pGEM-T-vector (Promega, Mannheim, Germany) and propagated
in DH5a competent cells. IST-containing plasmids were used as com-
petitors for wild-type ampliﬁcation and added to the PCR as described
previously [21,23].2.5. E-cadherin reporter gene constructs and transactivation assay
Based on the E-cadherin promoter sequence (L34545), diﬀerent ﬁre-
ﬂy luciferase constructs were generated by inserting the corresponding
promoter sequences into the pGL-3 vector (Promega). Promoter se-
quence (180/+35) was ampliﬁed by PCR from human blood cell
DNA. In order to facilitate directional cloning into the parent vector,
5 0-ﬂanking primers containing a XhoI site and 3 0-ﬂanking primers con-
taining a HindIII site were synthesized. The 180/+35 construct was
generated using the following primer sequences: E-Cad 180: 5 0-
TCT TGC TCG AGA ACT CCA GGC TAG AGG GTC A-3 0; E-
Cad +35: 5 0-TCG CCA AGC TTT CAC AGG TGC TTT GCA
GTT C-3 0. The restriction sites are underlined. Based on this construct,
deletion mutants were generated using the following 5 0-ﬂanking prim-
ers in combination with E-Cad +35: E-Cad 121: 5 0-TCT TGC TCG
AGC GCC CTG GGG AGG GGT CCG C-3; E-Cad 53: 5 0-TCT
TGC TCG AGT ACG GGG GGC GGT GCT CCG G-30; E-Cad
18: TCTTGCTCGAGAGCCACGCACCCCCTCT-3 0. All con-
structs were conﬁrmed by sequencing (Seqlab, Goettingen, Germany).
Constructs were transfected into subconﬂuently grown HaCaT and A-
431 cells by lipofection (Lipofectamine reagent 2000, Invitrogen). In
order to standardize transfection eﬃcacy, cells were co-transfected
with a humanized Renilla luciferase vector (phRL, Promega). 16 h
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osmolarities for 8 h. Luciferase activities were detected using the
Dual-Luciferase Reporter Assay System (Promega). After cell lysis,
activity of both luciferases was detected separately using a lumino-
meter (Berthold, Bad Wildbad, Germany).
2.6. Immunocytochemistry of E-cadherin
HaCaT cells were seeded on plastic slides at a density of 4 · 105 cells
per 1.78 cm2. After 6 h under iso-osmotic conditions, hypotonic stress
(200 mOsm) was applied to the cells for 16 h. Consecutively, cells
were ﬁxed with acetone/methanol (50:50) for 5 min at room tempera-
ture. E-cadherin antibody (Transduction Laboratories) was diluted
1:1000 in phosphate buﬀered saline (PBS) with 1% bovine serum albu-
min for 60 min at 37 C. After three washes with PBS, cells were incu-
bated with alexa 546-coupled anti-mouse (MoBiTec, Go¨ttingen,
Germany, 1:100 in PBS) for 30 min at 37 C. Finally, cells were rinsed
three times with PBS and examined with a confocal laser scanning
microscope (TCS, Leica, Bensheim, Germany).
2.7. Statistics
Data from E-cadherin transactivation assays and real-time PCR are
given as means ± S.D. Treatments were compared to iso-osmotic con-
ditions using the Students t test. Diﬀerences were considered signiﬁ-
cant at P < 0.05.Fig. 1. Hypotonic stress activates MAPK. Time course of MAPK
activation in HaCaT cells in response to hypotonic conditions. (A)
Activation of ERK1/2, represented by in vitro phosphorylation of
elk1, shows rapid and lasting signals in response to 100 and 200
mOsm hypotonic stress. (B) SAPK/JNK activity measured by in vitro
phosphorylation of c-jun shows almost no activation in response to
hypotonic stress at 100 mOsm and a moderate activation at 200
mOsm peaking 30 min after stimulation. (C) A rapid and transient
phosphorylation of p38 is detected in response to 100 mOsm
hypotonic stress. At 200 mOsm hypotonic stress the phosphorylation
of p38 was signiﬁcantly increased within the examined time span. (D)
Cells held under hypotonic stress (100 mOsm) for 24 h show
sustained functional activation and phosphorylation of ERK1/2. Total
ERK1/2 served as loading control. Neither functional activation of
SAPK/JNK nor phosphorylation of p38 appears. The blot shows
representative results. (n = 3). iso, isotonic culture conditions.3. Results
3.1. Hypotonicity activates mitogen-activated protein kinases
The functional activation of ERK1/2 and SAPK/JNK in
HaCaT cells was detected by in vitro kinase assays. Herein,
ERK1/2 and SAPK/JNK activities were determined by phos-
phorylation of transcription factors elk-1 and c-jun, respec-
tively. Furthermore, the phosphorylation of p38 and ERK1/2
was evaluated under hypotonic conditions. Hypotonicity led
to a rapid phosphorylation of elk-1 in a dose-dependent manner
(Fig. 1A). SAPK/JNK-dependent phosphorylation of c-jun was
only moderately induced by hypotonicity. At 200 mOsm, a
weak and transient signal occurred within 30 min. After 60
min, the basal phosphorylation of c-jun was already restored.
At 100 mOsm, no functional activation of SAPK/JNK was
detected (Fig. 1B). p38, the prototypical osmo-sensitive mito-
gen-activated protein kinase (MAPK), was rapidly and strongly
induced by200 mOsm (Fig. 1C). At100 mOsm, only a weak
and transient activation of p38 appeared after 5 min. In order to
test if prolonged hypotonicity eﬀects the activation pattern of
MAPK, HaCaT cells were maintained for 24 h under moderate
hypotonic conditions (100 mOsm). Interestingly, a sustained
functional activation of ERK1/2 was detected after 24 h (Fig.
1D). Conﬁrmatory to this eﬀect, a direct phosphorylation of
ERK1/2 was also observed. In contrast to the activation of
ERK1/2 by hypotonicity, no sustained activation of SAPK/
JNK and p38 was detected after 24 h (Fig. 1D).
3.2. Phosphorylation of PKB/Akt and EGFR by hypotonicity
In HaCaT cells, hypotonicity (200 mOsm) induced the
phosphorylation of PKB/Akt at both phosphorylation sites
(Ser473/Thr308) after 30 min (Fig. 2A). These phosphorylation
signals indicate a functional activation of PKB/Akt as shown
by others [46]. HaCaT cells maintained for 24 h in hypotonic
medium (100 mOsm) showed a sustained phosphorylation
of PKB/Akt (Fig. 2C). Hypotonicity (200 mOsm) also in-
duced a rapid time-dependent phosphorylation of EGFR
(Fig. 2B). The signal strength increased to 230% (S.D., 19%)
after 30 min under hypotonic stress. This ﬁnding is of particularinterest as others have shown that the application of hyperto-
nicity also stimulates EGFR phosphorylation [8,33]. Therefore,
it could be speculated that changes in membrane tension in-
duced by both hypotonicity and hypertonicity trigger EGFR
transactivation. Prolonged hypotonicity for 24 h had no eﬀect
on EGFR phosphorylation (Fig. 2C).
3.3. Hypotonicity induces expression of E-cadherin protein and
mRNA
HaCaT and A-431 cells were subjected to hypotonicity
(200 mOsm) for 8 h, total RNA was isolated and cDNA syn-
thesis performed. The amount of E-cadherin mRNA was
determined by RT-competitive multiplex PCR. In both, Ha-
CaT and A-431 cells, hypotonicity induced an upregulation
of E-cadherin transcripts to 214% and 274%, respectively
(Fig. 3A and B). These results were conﬁrmed by real time
PCR (Fig. 3C). HaCaT cells exposed to hypo-osmotic stress
for 4 h showed an induction of E-cadherin mRNA to 240%.
This value was slightly elevated within the observation time
frame of 16 h. Furthermore, it was tested whether the increase
Fig. 2. Hypotonic stress activates PKB/Akt and EGFR. Time course
of PKB/Akt and EGFR in HaCaT cells in response to hypotonic
stress. (A) Hypotonic stress (200 mOsm) induces phosphorylation of
PKB/Akt at serine 473 and threonine 308 after 30 min. (B) Hypotonic
stress (200 mOsm) induces time dependent phosphorylation of the
EGFR. (C) Hypotonic stress (100 mOsm) applied for 24 h induced
phosphorylation of PKB/Akt but has no eﬀect on EGFR activity.
The blot shows representative results. (n = 3). iso, isotonic culture
conditions.
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herin protein. HaCaT cells were maintained for 4, 8, 12 and
24 h under hypotonic conditions (200 mOsm). Within this
time frame the applied hypotonic stress had no eﬀect on cell
proliferation, as tested by BrdU incorporation. Therefore, cell
viability does not seem to be aﬀected by hypotonicity in the re-
garded time frame (data not shown). Equal amounts (20 lg) of
protein were subjected to Western blot and investigated for E-
cadherin protein expression (Fig. 3D). Already after 8 h under
hypotonic conditions E-cadherin protein was markedly in-
creased compared to the iso-tonic control. A sustained increase
of E-cadherin was observed after 12 and 24 h. Taken together,
hypotonicity acts as a positive regulator of E-cadherin protein
and mRNA expression.
3.4. Transactivation of the E-cadherin promoter by hypotonicity
– relevance of osmo-sensitive signalling cascades
In order to determine the molecular mechanism responsible
for the transcriptional upregulation of E-cadherin mRNA
and protein in response to hypotonicity, a series of 5 0-deletional
mutants of the E-cadherin promoter were generated and tran-
siently transfected into HaCaT and A-431 cells (Fig. 4). Anal-
ysis of normalized luciferase activities showed a marginal
transactivation by hypotonicity using the 180/+31 and
121/+31 E-cadherin constructs. The next deletional mutant
tested (53/+31) showed a markedly increase in luciferase
activity in response to hypotonicity in both cell lines. In HaCaT
cells, transactivation of more than 5-fold and in A-431 cells of
more than 3-fold was measured. A sustained positive transacti-
vation by hypotonicity was measured using a 18/+31 pro-
moter construct. This construct comprises binding sites forTCF-1 and E2A which might convey positive transactivation.
The lack of positive transactivation in longer promoter
constructs (180/+31 and 121/+31) suggest the presence of
a suppressor element upstream from 53. In order to show a
dose-dependent promoter transactivation, HaCaT cells trans-
fected with the 53/+31 promoter construct were subjected to
hypotonicity (100 and 200 mOsm) (Fig. 5). It was found
that the positive transactivation increased with the strength of
hypotonicity. Next, relevant signalling cascades that contribute
to the induction of E-cadherin by hypotonicity were investi-
gated. Figs. 1 and 2 show candidate molecules that are acti-
vated by hypotonicity in a human keratinocyte model. In a
functional approach, these signalling molecules were blocked
by increasing concentrations of selective inhibitors and the ef-
fect of hypotonic transactivation of the 53/+31 E-cadherin
promoter construct tested. Blocking the p38 signalling pathway
with SB203580 showed a concentration dependent decrease in
hypotonic transactivation of the promoter construct (Fig.
6A). From 3.7-fold without inhibitor the transactivation was
blocked to 2.5 using 10 lM SB203580. A complete inhibition
was not accomplished by SB203580 indicating that other sig-
nalling pathways may also contribute to the E-cadherin induc-
tion by hypotonicity. Blocking of EGFR signalling by AG1478,
PI3K by wortmannin, JNK by a cell-permeable JNK inhibitor
peptide or MEK1 by PD98059 showed no eﬀect on the pro-
moter transactivation by hypotonicity (data not shown). Up-
stream from the regarded signalling cascades, it was found
that cell adhesion is necessary to convey maximum transactiva-
tion in response to hypo-osmotic stress (Fig. 6B and C). HaCaT
cells held for 8 h in suspension cell culture plates featured a
markedly reduced promoter transactivation in response to
hypotonic stress compared to controls plated in regular culture
dishes for adherent cells (Fig. 6B). These ﬁndings were further
substantiated by experiments using a integrin inhibitory hexa-
peptide. HaCaT cells cultured in the presence of 500 lM
GRGDSP showed a diminished promoter transactivation com-
pared to controls using an inactive peptide (Fig. 6C).
3.5. Localization of E-cadherin
In order to substantiate the eﬀect of hypotonicity on E-cad-
herin expression immunocytochemical staining experiments
were performed (Fig. 7). HaCaT cells incubated for 16 h under
hypotonic stress (200 mOsm) showed an overall increased
E-cadherin reactivity compared to controls held under iso-
osmotic conditions (Fig. 7B). This corroborates the ﬁndings
of elevated mRNA and protein levels detected by RT-compet-
itive multiplex PCR and Western blot. Furthermore, distinct
changes in the cellular distribution pattern were observed. In
particular, an accumulation of E-cadherin at cell–cell junctions
was found supporting the concept that mechanical stress in-
duced by hypotonic stress is counteracted by stabilization of
cell–cell junctions in order to maintain tissue integrity. A com-
bination of hypotonicity and p38 inhibition (20 lM SB203580)
abrogated E-cadherin accumulation at cell–cell junctions (Fig.
7C). This ﬁnding corroborates the data derived from promoter
studies conﬁrming the relevance of p38 in this model.4. Discussion
The present study demonstrated that hypotonic stress ap-
plied to human keratinocytes induced the expression of E-cad-
Fig. 3. Hypotonic stress induces E-cadherin. Eﬀect of hypotonic stress (200 mOsm) on E-cadherin mRNA and protein expression. (A) Levels of E-
cadherin transcripts were determined using RT-competitive multiplex PCR. Serial dilutions (1:3) of competitors were co-ampliﬁed with the referring
wildtype cDNA (details under Section 2). In HaCaT cells held for 8 h under hypotonic stress, the steady-state level of E-cadherin mRNA is
upregulated to 214%. (B) Similarly in A-431 cells, hypotonic stress reinforces E-cadherin mRNA to 274%. (C) Data derived from real time PCR show
a time dependent upregulation of E-cadherin within 16 h of hypo-osmotic stress in HaCaT cells. \ indicates P-values < 0.05. (D) Normalized protein
extracts derived from HaCaT cells under hypotonic stress were subjected to western blot analysis. E-cadherin levels are signiﬁcantly increased in cells
held for 8, 12 and 24 h under hypotonic stress. The data shown represent 3 independent experiments. iso, isotonic culture conditions.
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Fig. 4. Hypotonic stress transactivates E-cadherin promoter activity. Analysis of a sequential series of 5 0-deletional E-cadherin promoter-based
luciferase constructs in HaCaT and A-431 cells. Transfection eﬃcacy was controlled by co-transfection with the humanized Renilla luciferase vector
(phRL). Schematic representation of the respective reporter gene construct is shown on the left. The transcription start is marked by arrows. The bars
on the right represent the normalized luciferase activities under isotonic conditions (black bars) and under hypotonic stress (white bars). The 180/
+31 and 121/+31 constructs show only a slight transactivation by hypotonic stress. Clear transactivation is shown by the 53/+31 and 18/+31
constructs. Each bar represents the mean of 3 independent experiments. The standard deviations are indicated. The experiment was repeated with
similar results. iso, isotonic culture conditions.
S. Kippenberger et al. / FEBS Letters 579 (2005) 207–214 211herin. This suggests that hypotonic stress is a stimulus that
contributes to the formation of intercellular contacts. Adhe-
rens junctions and desmosomes composed of diﬀerent cadherinsubsets are the most prominent structures in epithelia provid-
ing tight cell–cell contacts. Adherens junctions are formed
mainly by E-cadherins which are classical type I cadherins.
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Promoter Activity (%)
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*
Fig. 5. Strength of hypotonicity triggers E-cadherin promoter
transactivation. Analysis of normalized luciferase activities in
HaCaT cells transfected with the 53/+31 E-cadherin promoter
construct. Cells were held either under isotonic conditions, or
subjected to hypotonic stress (100 mOsm, 200 mOsm). The
strength of hypotonic stress correlates with the promoter transac-
tivation. Each bar represents the mean of 3 independent experi-
ments. The standard deviations are indicated. The experiment was
repeated with similar results. \ indicates P-values < 0.05. iso,
isotonic culture conditions.
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P-values < 0.05. iso, isotonic culture conditions. ctr, without inhibitor.
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desmosomal cadherins, desmogleins and desmocollins, are
similar but diverge in their cytoplasmic domains and connect
to diﬀerent cytoskeletal elements [14]. Whereas desmosomal
cadherins are linked to cytokeratins via c-catenin (plakoglo-
bin) and desmoplakins [4], E-cadherin is anchored to the actin
ﬁlament bridged by b- and a-catenin [32]. A functional connec-
tion between E-cadherin and desmosomes is given by the
observation that adherens junctions are a prerequisite for the
formation of desmosomes [22,44]. Therefore, the upregulation
of E-cadherin by hypotonic stress may also facilitate the for-
mation of intercellular junctions by desmosomes.
It is likely that the volume increase induced by hypotonic
stress acts on the intercellular junction and is consecutively fol-
lowed by an induction of molecules providing stable intercellu-
lar contacts. This concept is supported by the observation that
passive mechanical stretch using a stretching apparatus stimu-
lates the upregulation of intercellular junction proteins in myo-
cytes. Namely, N-cadherin and the gap junction protein
connexin 43 were markedly induced by both linear and partic-
ularly, pulsatile, stretch [45]. Depending on the strength of theer Activity (%)
200 300
300 400
200 300
iso
-200 mOsm
*
*
*
*
*
cadherin promoter transactivation. Analysis of normalized luciferase
onstruct. (A) Cells were pre-incubated for 1 hour with SB203580 prior
tly diminished by p38 inhibition. (B) Cells held in suspension culture
n by hypotonic stress. (C) Cell incubated with an integrin inhibitory
ed to cells treated with an inactive hexapeptide (GRGESP). Each bar
re indicated. Experiments were repeated with similar results. \ indicates
Fig. 7. Cellular distribution of E-cadherin under hypotonic stress. E-cadherin immunocytochemistry was performed in HaCaT cells incubated for
16h under hypotonic stress (200 mOsm). (A) HaCaT cells held under iso-osmotic conditions show a weak E-cadherin staining with a slight
accumulation at the cell seam. (B) Hypotonic stress induces an increase of signal strength of E-cadherin compared to iso-osmotic controls indicating
an increased protein amount. Furthermore, E-cadherin accumulates close to cell-cell junctions. (C) Hypotonic stress in the presence of 20 lM
SB203580 abrogates junctional E-cadherin accumulation leading to a protein distribution similar to iso-osmotic conditions. Photographs are
representative of 4 parallel experiments.
S. Kippenberger et al. / FEBS Letters 579 (2005) 207–214 213hypotonic stress, RVD is frequently not suﬃcient to restore the
initial cell volume for iso-osmotic conditions [29]. Therefore,
the cell membrane remains under stretched conditions. Addi-
tionally, it has been observed that the cell volume during
RVD oscillates around a limiting value [5]. These repeated
waves of shrinking and swelling represent a pulsatile stretching
stimulus and may reinforce the induction of proteins providing
intercellular junctions.
The issue of the molecular structure that perceives and trans-
duces mechanical stimuli is addressed by various studies. In vi-
tro experiments in human keratinocytes using a stretching
apparatus demonstrated the necessity of intact b 1 integrins
for the activation of ERK1/2 [19]. Consistent with this ﬁnding
is the recent observation that blocking of integrin function in
hepatocytes by an inhibitory hexapetide prevents the activa-
tion of ERK1/2 and p38 in response to hypotonicity [40].
Our study using human keratinocytes could also demonstrate
an activation of ERK1/2, p38 and SAPK/JNK by hypotonicity
which agrees with ﬁndings in hepatocytes and intestinal cells
[17]. Therefore, it can be assumed that the activation of these
MAPK represents a general response to hypotonicity. Further-
more, we could demonstrate that hypotonicity leads to phos-
phorylation of the EGFR. This ﬁnding supports the concept
of a non-classical mode of EGFR activation that is termed sig-
nal transactivation [30]. EGFR transactivation has been
shown for a number of signalling molecules including G-pro-
tein-coupled receptors [9], intracellular calcium [13] and inte-
grins [27]. In addition to these, p38 was also shown to
mediate EGFR transactivation under hyperosmotic conditions
[8]. Therefore, it could be speculated that p38 phosphorylation
in response to hypotonicity may also account for EGFR trans-
activation. In addition to MAPK and EGFR, hypotonicity
activates PKB/Akt in hepatocyte models [18,42]. Consistent
with these ﬁndings, we have demonstrated phosphorylation
of PKB/Akt in human keratinocytes corroborating the
assumption of an universal response to hypotonicity. Further-
more, the role of ERK1/2, SAPK/JNK, p38, EGFR and PKB/
Akt on the upregulation of E-cadherin by hypotonicity was
investigated in a functional approach. We could demonstrate
that inhibition of p38 by a speciﬁc inhibitor attenuates the pro-
moter transactivation of E-cadherin. A positive regulation be-
tween the p38 signalling cascade and E-cadherin expression
was recently described for human erythroblasts [35]. In con-
trast to this, blocking of p38 signalling in TNFa-stimulatedendothelial cells leads to a loss of membrane-associated cad-
herins [28]. It seems likely that the cellular context together
with the stimulus deﬁnes the road to be taken. We have dem-
onstrated that p38 signalling contributes to E-cadherin expres-
sion in response to hypotonicity. These new ﬁndings show that
changes in the ambient environment that compromise tissue
integrity trigger a counteracting cellular response in human
keratinocytes.
Acknowledgement:We are grateful to Dr. Adrian Sewell for comments
and discussion. Grants: This work was supported by the Volkswagens-
tiftung (Grant I/77 731).
References
[1] Anderson, S.D. and Daviskas, E. (2000) The mechanism of
exercise-induced asthma is.... J. Allergy Clin. Immunol. 106, 453–
459.
[2] Beck, F.X., Burger-Kentischer, A. and Muller, E. (1998) Cellular
response to osmotic stress in the renal medulla. Pﬂugers Arch.
436, 814–827.
[3] Beck, F.X., Do¨rge, A. and Thurau, K. (1988) Cellular osmoreg-
ulation in renal medulla. Ren. Physiol. Biochem. 11, 174–186.
[4] Bornslaeger, E.A., Kowalczyk, A.P., Meng, J.-J., Ip, W. and
Green, K.G. (1997) The role of the desmosomal plaque protein
desmoplakin in intermediate ﬁlament anchorage and junction
assembly in: Cytoskeletal–Membrane Interactions and Signal
Transduction (Cowin, P. and Klymkowsky, M.W., Eds.), pp.
181–198, Springer, Landes Bioscience, Heidelberg.
[5] Cantiello, H.F. (1997) Role of actin ﬁlament organization in cell
volume and ion channel regulation. J. Exp. Zool. 279, 425–435.
[6] Celi, F.S., Zenilman, M.E. and Shuldiner, A.R. (1993) A rapid
and versatile method to synthesize internal standards for com-
petitive PCR. Nucleic Acids Res. 21, 1047.
[7] Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M. and
Ingber, D.E. (1997) Geometric control of cell life and death.
Science 276, 1425–1428.
[8] Cheng, H., Kartenbeck, J., Kabsch, K., Mao, X., Marques, M.
and Alonso, A. (2002) Stress kinase p38 mediates EGFR
transactivation by hyperosmolar concentrations of sorbitol. J.
Cell. Physiol. 192, 234–243.
[9] Daub, H., Weiss, F.U., Wallasch, C. and Ullrich, A. (1996) Role
of transactivation of the EGF receptor in signalling by G-protein-
coupled receptors. Nature 379, 557–560.
[10] De Cesaris, P., Starace, D., Riccioli, A., Padua, F., Filippini, A.
and Ziparo, E. (1998) Tumor necrosis factor-alpha induces
interleukin-6 production and integrin ligand expression by distinct
transduction pathways. J. Biol. Chem. 273, 7566–7571.
[11] Denda, M., Sato, J., Tsuchiya, T., Elias, P.M. and Feingold, K.R.
(1998) Low humidity stimulates epidermal DNA synthesis and
ampliﬁes the hyperproliferative response to barrier disruption:
214 S. Kippenberger et al. / FEBS Letters 579 (2005) 207–214implication for seasonal exacerbations of inﬂammatory dermato-
ses. J. Invest. Dermatol. 111, 873–878.
[12] Denda, M., Sato, J., Masuda, Y., Tsuchiya, T., Koyama, J.,
Kuramoto, M., Elias, P.M. and Feingold, K.R. (1998) Exposure
to a dry environment enhances epidermal permeability barrier
function. J. Invest. Dermatol. 111, 858–863.
[13] Eguchi, S., Numaguchi, K., Iwasaki, H., Matsumoto, T., Yama-
kawa, T., Utsunomiya, H., Motley, E.D., Kawakatsu, H., Owada,
K.M., Hirata, Y., Marumo, F. and Inagami, T. (1998) Calcium-
dependent epidermal growth factor receptor transactivation
mediates the angiotensin II-induced mitogen-activated protein
kinase activation in vascular smooth muscle cells. J. Biol. Chem.
273, 8890–8896.
[14] Farquhar, M. and Palade, G. (1963) Junctional complexes in
various epithelia. J. Cell. Biol. 17, 375–412.
[15] Hara, M., Ma, T. and Verkman, A.S. (2002) Selectively reduced
glycerol in skin of aquaporin-3-deﬁcient mice may account for
impaired skin hydration, elasticity, and barrier recovery. J. Biol.
Chem. 277, 46616–46621.
[16] Hashimoto, S., Matsumoto, K., Gon, Y., Nakayama, T.,
Takeshita, I. and Horie, T. (1999) Hyperosmolarity-induced
interleukin-8 expression in human bronchial epithelial cells
through p38 mitogen-activated protein kinase. Am. J. Respir.
Crit. Care Med. 159, 634–640.
[17] Kim, R.D., Darling, C.E., Cerwenka, H. and Chari, R.S. (2000)
Hypoosmotic stress activates p38, ERK 1 and 2, and SAPK/JNK
in rat hepatocytes. J. Surg. Res. 90, 58–66.
[18] Kim, R.D., Roth, T.P., Darling, C.E., Ricciardi, R., Schaﬀer,
B.K. and Chari, R.S. (2001) Hypoosmotic stress stimulates
growth in HepG2 cells via protein kinase B-dependent
activation of activator protein-1. J. Gastrointest. Surg. 5,
546–555.
[19] Kippenberger, S., Bernd, A., Loitsch, S., Guschel, M., Mu¨ller, J.,
Bereiter-Hahn, J. and Kaufmann, R. (2000) Signaling of mechan-
ical stretch in human keratinocytes via MAP kinases. J. Invest.
Dermatol. 114, 408–412.
[20] Kippenberger, S., Loitsch, S., Mu¨ller, J., Guschel, M., Ramirez-
Bosca, A., Kaufmann, R. and Bernd, A. (2000) Melanocytes
respond to mechanical stretch by activation of mitogen-activated
protein kinases (MAPK). Pigment Cell Res. 4, 278–280.
[21] Kippenberger, S., Loitsch, S., Solano, F., Bernd, A. and Kauf-
mann, R. (1998) Quantiﬁcation of tyrosinase, TRP-1, and TRP-2
transcripts in human melanocytes by RT-competitive multiplex
PCR-regulation by steroid hormones. J. Invest. Dermatol. 110,
364–367.
[22] Lewis, J.E., Jensen, P.J. and Wheelock, M.J. (1994) Cadherin
function is required for human keratinocytes to assemble desmo-
somes and stratify in response to calcium. J. Invest. Dermatol.
102, 870–877.
[23] Loitsch, S.M., Kippenberger, S., Dauletbaev, N., Wagner, T.O.
and Bargon, J. (1999) Reverse transcription-competitive multiplex
pcr improves quantiﬁcation of mRNA in clinical samples –
application to the low abundance CFTR mRNA. Clin. Chem. 45,
619–624.
[24] Loitsch, S.M., von Mallinckrodt, C., Kippenberger, S., Steinhil-
ber, D., Wagner, T.O. and Bargon, J. (2000) Reactive oxygen
intermediates are involved in IL-8 production induced by hyper-
osmotic stress in human bronchial epithelial cells. Biochem.
Biophys. Res. Commun. 276, 571–578.
[25] Ma, T., Hara, M., Sougrat, R., Verbavatz, J.M. and Verkman,
A.S. (2002) Impaired stratum corneum hydration in mice lacking
epidermal water channel aquaporin-3. J. Biol. Chem. 277, 17147–
17153.
[26] Menon, G.K., Brown, B.E. and Elias, P.M. (1986) Avian
epidermal diﬀerentiation: role of lipids in permeability barrier
formation. Tissue Cell 18, 71–82.
[27] Moro, L., Venturino, M., Bozzo, C., Silengo, L., Altruda, F.,
Beguinot, L., Tarone, G. and Deﬁlippi, P. (1998) Integrins induceactivation of EGF receptor: role in MAP kinase induction and
adhesion-dependent cell survival. EMBO J. 17, 6622–6632.
[28] Nwariaku, F.E., Chang, J., Zhu, X., Liu, Z., Duﬀy, S.L.,
Halaihel, N.H., Terada, L. and Turnage, R.H. (2002) The role
of p38 map kinase in tumor necrosis factor-induced redistribution
of vascular endothelial cadherin and increased endothelial
permeability. Shock 18, 82–85.
[29] Pedersen, S.F., Mills, J.W. and Hoﬀmann, E.K. (1999) Role of the
F-actin cytoskeleton in the RVD and RVI processes in Ehrlich
ascites tumor cells. Exp. Cell Res. 252, 63–74.
[30] Prenzel, N., Zwick, E., Leserer, M. and Ullrich, A. (2000)
Tyrosine kinase signalling in breast cancer. Epidermal growth
factor receptor: convergence point for signal integration and
diversiﬁcation. Breast Cancer Res. 2, 184–190.
[31] Rawlings, A.V., Scott, I.R., Harding, C.R. and Bowser, P.A.
(1994) Stratum corneum moisturization at the molecular level. J.
Invest. Dermatol. 103, 731–741.
[32] Rimm, D.L., Koslov, E.R., Kebriaei, P., Cianci, C.D. and
Morrow, J.S. (1995) Alpha 1(E)-catenin is an actin-binding and
-bundling protein mediating the attachment of F-actin to the
membrane adhesion complex. Proc. Natl. Acad. Sci. USA 92,
8813–8817.
[33] Rosette, C. and Karin, M. (1996) Ultraviolet light and osmotic
stress: activation of the JNK cascade through multiple growth
factor and cytokine receptors. Science 274, 1194–1197.
[34] Schliess, F. and Haussinger, D. (2000) Cell hydration and insulin
signalling. Cell Physiol. Biochem. 10, 403–408.
[35] Somervaille, T.C., Linch, D.C. and Khwaja, A. (2003) Diﬀerent
levels of p38 MAP kinase activity mediate distinct biological
eﬀects in primary human erythroid progenitors. Br. J. Haematol.
120, 876–886.
[36] Tagami, H. (1994) Quantitative measurements of water concen-
tration of the stratum corneum in vivo by high-frequency current.
Acta Derm. Venereol. Suppl. 185, 29–33.
[37] Tavernarakis, N. and Driscoll, M. (2001) Mechanotransduction
in Caenorhabditis elegans: the role of DEG/ENaC ion channels.
Cell Biochem. Biophys. 35, 1–18.
[38] Thune, P. (1989) Evaluation of the hydration and the water-
holding capacity in atopic skin and so-called dry skin. Acta Derm.
Venereol. Suppl. 144, 133–135.
[39] Uenishi, T., Sugiura, H. and Uehara, M. (2001) Changes in the
seasonal dependence of atopic dermatitis in Japan. J. Dermatol.
28, 244–247.
[40] vom Dahl, S., Schliess, F., Reißmann, R., Gorg, B., Weiergraber,
O., Kocalkova, M., Dombrowski, F. and Haussinger, D. (2003)
Involvement of integrins in osmosensing and signaling toward
autophagic proteolysis in rat liver. J. Biol. Chem. 278, 27088–
27095.
[41] Watanabe, M., Tagami, H., Horii, I., Takahashi, M. andKligman,
A.M. (1991) Functional analyses of the superﬁcial stratum
corneum in atopic xerosis. Arch. Dermatol. 127, 1689–1692.
[42] Webster, C.R., Srinivasulu, U., Ananthanarayanan, M., Suchy,
F.J. and Anwer, M.S. (2002) Protein kinase B/Akt mediates
cAMP- and cell swelling-stimulated Na+/taurocholate cotrans-
port and Ntcp translocation. J. Biol. Chem. 277, 28578–28583.
[43] Weiergraber, O. and Haussinger, D. (2000) Hepatocellular
hydration: signal transduction and functional implications. Cell
Physiol. Biochem. 10, 409–416.
[44] Wheelock, M.J. and Jensen, P.J. (1992) Regulation of keratino-
cyte intercellular junction organization and epidermal morpho-
genesis by E-cadherin. J. Cell Biol. 117, 415–425.
[45] Zhuang, J., Yamada, K.A., Saﬃtz, J.E. and Kleber, A.G. (2000)
Pulsatile stretch remodels cell-to-cell communication in cultured
myocytes. Circ. Res. 87, 316–322.
[46] Alessi, D.R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice,
N., Cohen, P. and Hemmings, B.A. (1996) Mechanism of
activation of protein kinase B by insulin and IGF-1. EMBO J.
15, 6541–6551.
